Both the 68-base 5' leader (f0) and the 205-base 3' untranslated region (UTR) of tobacco mosaic virus (TMV) promote efficient translation. A 35-base region within 0 is necessary and sufficient for the regulation. Within the 3' UTR, a 52-base region, composed of two RNA pseudoknots, is required for regulation. These pseudoknots are phylogenetically conserved among seven viruses from two different viral groups and one satellite virus. The pseudoknots contained significant conservation at the secondary and tertiary levels and at several positions at the primary sequence level. Mutational analysis of the sequences determined that the primary sequence in several conserved positions, particularly within the third pseudoknot, was essential for function. The higher-order structure of the pseudoknots was also required. Both the leader and the pseudoknot region were specifically recognized by, and competed for, the same proteins in extracts made from carrot cell suspension cells and wheat germ. Binding of the proteins is much stronger to 0 than to the pseudoknot region. Synergism was observed between the TMV 3' UTR and the cap and to a lesser extent between Q and the 3' UTR. The functional synergism and the protein binding data suggest that the cap, TMV 5' leader, and 3' UTR interact to establish an efficient level of translation. colinear with the genomic mRNA at the 3' terminus; consequently, all TMV mRNAs contain the same 205-base 3' UTR. The TMV 3' UTR is the functional equivalent to a poly(A) tail in that it promotes efficient translation and increases mRNA stability of chimeric mRNA constructs (12). The 3' UTR is composed of two domains. Located at the 3' terminus, a 105-base tRNA-like domain mimics the three-dimensional structure of true tRNAs to such an extent that many tRNA-specific enzymes will also recognize and modify it (reviewed in references 20 and 21). Immediately upstream of the tRNA-like domain is a 72-base domain composed solely of three RNA pseudoknots (40). This upstream pseudoknot domain (UPD) is responsible for the regulation of translation associated with the TMV 3' UTR (12). The fact that the tRNA-like domain, which itself contains two RNA pseudoknots, does not increase translational efficiency (12) demonstrates that the mere presence of RNA pseudoknots within the 3' UTR is not the basis for enhanced translation.
degree to which a cap stimulates translation is an order of magnitude greater for poly(A)+ mRNA than for poly(A)-mRNA. This synergism between a cap and poly(A) tail suggests that these two regulatory elements, in conjunction with associated proteins, communicate to direct efficient translation. Observations made in lower eukaryotes support the idea of an interaction between the termini of an mRNA. In yeast cells, the poly(A)-binding protein gene is an essential gene (38) . Suppressor mutants were found to have alterations in either the L46 large ribosomal subunit protein gene or in 25S rRNA processing (36, 37) , data suggesting that the poly(A)-binding protein may promote 80S complex formation.
Only a few mRNAs that do not terminate in a poly(A) tail have been found: the cell cycle-regulated animal histone mRNAs (23) , several plant virus mRNAs (20, 21) , and flavivirus mRNAs (41) . Whereas all plant histone mRNAs so far examined are poly(A)+, the 3'-terminal stem-loop structure of the cell cycle-regulated histone mRNAs from animals is involved in 3' processing and message stabilization (22, 32) . A 72-base domain within the 3' untranslated region (UTR) of tobacco mosaic virus (TMV) genomic mRNA is required for promoting efficient translation in both plant and animal cells (12) . How these naturally poly(A)-mRNAs are efficiently translated is an intriguing but unanswered question.
TMV is an RNA virus whose life cycle is carried out in the cytoplasm. The genomic RNA also serves as an mRNA. Subgenomic mRNAs generated during the viral life cycle are * Corresponding author. colinear with the genomic mRNA at the 3' terminus; consequently, all TMV mRNAs contain the same 205-base 3' UTR. The TMV 3' UTR is the functional equivalent to a poly(A) tail in that it promotes efficient translation and increases mRNA stability of chimeric mRNA constructs (12) . The 3' UTR is composed of two domains. Located at the 3' terminus, a 105-base tRNA-like domain mimics the three-dimensional structure of true tRNAs to such an extent that many tRNA-specific enzymes will also recognize and modify it (reviewed in references 20 and 21). Immediately upstream of the tRNA-like domain is a 72-base domain composed solely of three RNA pseudoknots (40) . This upstream pseudoknot domain (UPD) is responsible for the regulation of translation associated with the TMV 3' UTR (12) . The fact that the tRNA-like domain, which itself contains two RNA pseudoknots, does not increase translational efficiency (12) demonstrates that the mere presence of RNA pseudoknots within the 3' UTR is not the basis for enhanced translation.
To precisely determine the sequences within the UPD that are essential for the regulation of translation, mutations were made throughout the region and their effects on translation of chimeric mRNA constructs were measured in vivo. The 5'-proximal pseudoknot was not required for UPD function. The secondary and tertiary structure and primary sequence at several positions within the 3'-proximal pseudoknot were critical for regulatory function. The higher-order structure of the middle pseudoknot of the UPD may be needed as well. We also demonstrate that protein-binding activity from both wheat germ and carrot extracts specifically recognizes the UPD. The same protein activity also recognized the TMV leader (Q), itself an enhancer of translation.
MATERIALS AND METHODS
Plasmid constructs and site-directed mutagenesis. The T7-based luciferase (luc) construct containing the TMV 3' UTR (Luc-3'TMV) has been described previously (9) . The luc cartridge contains the entire luc 3' UTR (7) and was used for 5331 Vol. 13, No. 9 5332 LEATHERS ET AL.
the study of the interaction between the TMV 3' UTR and the cap. For the mutagenesis studies, the native luc 3' UTR was removed before introduction of the TMV 3' UTR downstream of the luc coding region. Site-directed mutagenesis was performed by the method of Kunkel et al. (25) . Oligonucleotides were synthesized by using an Applied Biosystems 380B DNA synthesizer.
RNA secondary structure analysis. RNA synthesized from a T7-based vector containing each mutant UPD was dephosphorylated with calf intestinal alkaline phosphatase and 5' end labeled with [32PJATP, using T4 polynucleotide kinase. Full-length RNA was purified from a 7 M urea-8% polyacrylamide gel by electroelution. Limited digestion with RNase T1 or cobra venom (RNase V1) was carried out at 24°C in 50 mM sodium cacodylate (pH 7.0)-10 mM MgCl2-1 ,g of Escherichia coli tRNA. Digests with nuclease Si were carried out in 25 mM sodium acetate (pH 4.5)-5 mM MgCl2-50 mM KCl-1 ,ug ofE. coli tRNA. The products were displayed on a 7 M urea-8% polyacrylamide sequencing gel and analyzed by autoradiography. Structure mapping of the mutants was performed at least twice and in some cases three times.
In vitro transcription reaction conditions. All plasmid constructs were linearized with NdeI, which cuts immediately downstream of the tRNA-like structure. Concentrations of the construct DNAs were quantitated spectrophotometrically following linearization and brought to a concentration of 0.5 mg/ml. In vitro transcription was carried out as described by Yisraeli et al. (42) , using 40 mM Tris-HCl (pH 7.5), 6 mM MgCl2, 2 mM spermidine, 100 ,ug of bovine serum albumin (BSA) per ml, 0.5 mM each ATP, CTP, and UTP, 160 ,M GTP, 1 mM m7GpppG, 100 Luciferase assay. Protoplasts, collected by centrifugation at 100 x g, were sonicated for 5 s in 100 mM Tricine (pH 7.8)-2 mM DTT-2 mM 1,2-diaminocyclohexane-N,N,N',N'-tetraacetic acid-10% glycerol-1% Triton X-100, and the cell debris was pelleted. Aliquots of the extract were added to 100 ,J of luciferase assay buffer [20 30 ,000 x g at 4°C, the supernatant was supplemented with 1/10 volume of 500 mM HEPES (pH 7.6) and centrifuged again for 15 min. The supernatant was dialyzed against 20 mM Tris-HCl (pH 7.5)-50 mM KCl-5 mM MgCl2-i mM DTT-0.5 mM PMSF-1 p,g each of leupeptin and pepstatin per ml.
Protoplasts prepared from carrot cell suspension cells were sonicated for 5 s in 20 mM Tris-HCl (pH 7.5)-50 mM KCl-5 mM MgCl2-1 mM DTT-0.5 mM PMSF-2 ,ug each of leupeptin and pepstatin per ml; the cell debris was removed by centrifugation and dialyzed against the same buffer.
For the binding reactions, 2 p,g (wheat germ extract) or 7 ,ug (carrot extract) of protein extract and S ng of labeled RNA was used in 10 mM Tris (pH 7.5)-35 mM KCl-1.0 mM MgCl2-5% glycerol-1 mM DTT-0.7 mg of total yeast RNA per ml-0.5 U of RNasin per ml. Competitor RNAs, when used, were added to the test RNA before the addition of protein extract. Following 15 min of incubation at 0°C, heparin was added to 5 mg/ml, and the mixture was incubated for an additional 10 min. The RNA-protein complexes were resolved on a native 3.5% polyacrylamide gel, and the dried gels were analyzed by autoradiography. The percentage of shifted RNA was determined by excising and counting the free and shifted bands, using a scintillation counter.
RESULTS
The TMV 3' UTR is functionally dependent on the cap in vivo. As regulators of translation, the poly(A) tail and the cap interact synergistically (8) . Synergism in this context means that the combined effect on translational efficiency of the cap and poly(A) tail is greater than the multiplication of their individual contributions. Previous work demonstrated that the TMV 3' UTR ( Fig. 1) is functionally equivalent to the poly(A) tail (12) . Although addition of the TMV 3' UTR to a reporter mRNA did increase message stability approximately 3-fold (9, 12), this could not account for the 50-fold increase at the protein level. To show directly that the TMV 3' UTR regulates the rate of translation and determine whether, in this capacity, it requires the cap for function, the effect of the TMV 3' UTR on the kinetics of reporter mRNA translation was measured in vivo. luc mRNA constructs were made in which the transcript terminated in either the TMV 3' UTR ( Fig. 1) , a poly(A)50 tail, or sequence of equivalent length derived from the 17-based vector. The luc mRNA constructs were synthesized with a monomethylated cap (m7GpppG) at the 5' terminus or as uncapped mRNA. The in vitro-synthesized mRNAs were subsequently delivered to tobacco protoplasts by using electroporation, and the rate of translation was determined by the maximum rate of translation. The functional mRNA half-life, defined as the amount of time to complete a 50% decay in the capacity of the mRNA to synthesize protein (24, 33) , was also determined for each mRNA.
Like the poly(A) tail (8) , the TMV 3' UTR did little to increase the translational efficiency of uncapped Luc mRNA. A 3.3-fold increase in the functional mRNA half-life was observed (Fig. 2) , which is in good agreement with the 2.8-fold increase in the physical mRNA half-life measured previously (12) . In contrast to the uncapped mRNA, the TMV 3' UTR substantially increased the rate of translation of capped mRNA. (12) . The addition of a cap did stimulate translation in wheat germ lysate, whereas the TMV 3' UTR failed to increase translation significantly regardless of whether the mRNA was capped or not (Fig. 3) . The TMV 3' UTR also failed to function in lysate derived from rabbit reticulocytes (data not shown), whereas it did function in vivo in Chinese hamster ovary cells (9) . Interestingly, the stimulation afforded by a cap in vitro (2.5-fold) was substantially less than that observed in vivo (120-fold). Therefore, as with a cap and a poly(A) tail, the regulatory function of the TMV 3' UTR is significantly reduced or eliminated in vitro.
Identification of the sequences within the UPD required for regulation. The UPD of the 3' UTR in TMV strain Ul ( 1) contains the information for regulating translation (12) . Deletion of the entire tRNA-like domain reduced the regulation associated with the TMV 3' UTR by only 35% (12) . Several viruses related to TMV strain Ul terminate in 3' UTRs that are similar in higher-order structure (40) . A phylogenetic comparison of the UPDs from the eight viruses generated a set of absolutely conserved nucleotides within this domain (Fig. 4 ). All eight UPDs contain three pseudoknots, although only the structures of UPDs of TMV strains Ul and U2 (also known as tobacco mild green mosaic virus) have been determined by using chemical or enzymatic probes (15, 40) . The length of the base-paired region of the first pseudoknot (PK1) varies from 7 to 12 bp, whereas those for pseudoknots 2 (PK2) and 3 (PK3) are conserved at 9 bp each. Moreover, the size of PK2 and PK3 is conserved at 22 and 30 bases, respectively. At the primary level, 5 of the 22 bases in PK2 were absolutely conserved, as were 14 of 30 bases in PK3 ( Conservation at these positions suggested that the primary sequence was functionally required for the regulation of either translation or viral replication.
To determine which of the pseudoknots were required for UPD-mediated control of translation, the pseudoknots were tested individually and in pairs, using luc as the reporter mRNA in carrot protoplasts. The introduction of restriction sites between each pseudoknot to facilitate the deletion of individual pseudoknots resulted in a two-base insertion between PK1 and PK2 (UPD-101; Fig. 5 ); a four-base insertion between PK2 and PK3 (UPD-100); and a five-base insertion between PK3 and the tRNA-like domain (UPD-107). Because of the coaxial stacking in and between the pseudoknots within the UPD and the tRNA-like domain, a double-stranded RNA helix 35 bp in length runs through both domains (40) . The introduction of restriction sites between the pseudoknots, in itself, generated mutants 13, 1993 PSEUDOKNOT-MEDIATED CONTROL OF TRANSLATION which the effect of eliminating the coaxial stacking between pairs of pseudoknots could be examined.
Deletion of the UPD domain, leaving only the tRNA-like domain (UPD-108), resulted in a level of expression that was only 4% of that measured for the wild-type TMV UPD construct (Fig. 5) . This is representative of the 25-to 50-fold increase in expression previously observed when the UPD is added to a reporter mRNA (12 25 .7% of wild-type activity.
In a separate experiment in which UPD-107 was used as the reference construct as well as to create a second set of deletion mutants, the deletion of both PK2 and PK3 (UPD-110; Fig. 6 ) or just PK3 alone (UPD-112) reduced UPD function to 119 and 9.1%, respectively. Separation of PK3 from coaxial stacking with the pseudoknots on either side (UPD-111) had an effect similar to that of the deletion of PK3. Even the two-base insertion between PK1 and PK2 that had no negative effect in UPD-101 had a moderately detrimental effect in UPD-109. These data suggest that both PK2 and PK3 are required for function but PK3 is more important for UPD function. As isolation of the regulatory pseudoknots had an effect similar to that of pseudoknot deletion, the position of the pseudoknots with respect to each other is also essential for UPD function.
To more precisely determine which sequences within PK2 and PK3 were required for UPD function, we made a series of point mutations and tested their effects in vivo. The effects of mutations within PK2 are illustrated in Fig. 7 . As noted above, in all constructs, the tRNA-like domain is present. In this experiment, deletion of the entire UPD (UPD-108) resulted in a level of expression only 2.58% of that measured for an intact UPD. Mutation of the conserved G in the one-base loop (PK2-107) or the A in the three-base loop (PK2-114) had little effect. Changes to the single phylogenetically conserved base pair in PK2 were more significant. Mutation of the G to a C, creating a C. C base pair (PK2-120), resulted in a drop to 19 .3% of the wild-type level. The effect of this mutation is similar to that observed when PK2 was deleted (UPD-106; Fig. 5 ). The C-*G mutant (PK2-119), which created a G. G base pair, retained 60.4% of wild-type activity, whereas full disruption of this 3-bp minihelix (PK2-141) resulted in a drop to 33 .9% of wild-type activity (Fig. 7) . The double mutant (PK2-121) retained 67.5% of wild-type activity. Moreover, the higher-order VOL. 13, 1993 5340 LEATHERS ET AL. RNAs containing only the UPD and tRNA-like domains were synthesized in vitro, gel purified, and end labeled at the 5' terminus. Limited digests using RNase T1 (A and D), nuclease S1 (B and E), or RNase V1 were performed at three enzyme concentrations, and the products of the reactions were resolved on a 7 M urea-8% polyacrylamide gel. The mutant tested is indicated above each set of three lanes. D, a limited digest (using RNase T1) of fully denatured wild-type sequence; WT, wild-type UPD. For each gel, positions corresponding to PK1, PK2, PK3, and the tRNA-like domain are indicated at the left. structure, as determined by using the enzymatic probes RNase Tl, RNase V1, and nuclease S1, was largely restored in PK2-121 (Fig. 8) . Because the effect on function due to the disruption of this 3-bp minihelix was not as great in PK2-119 or PK2-141 as it was in PK2-120, which was not completely reversed by the compensatory mutant PK2-121, these data suggest that the G of the conserved G. C base pair may be important but that base pairing within this region is also required.
The 6-bp 3'-proximal minihelix of PK2 was rotated 1800 in two steps. First, the top six bases were replaced with the bottom six (PK2-113; Fig. 7 ). As this sequence is partially palindromic, this mutation resulted in disruption of only 3 bp. Structural mapping of this mutant (PK2-113) confirmed that the entire PK2 had been disrupted (Fig. 8) . This mutation reduced activity to 21 .7% (Fig. 7) . Making the compensatory base change mutant (PK2-116) in which the bottom six bases of PK2-113 were replaced with the original top six bases resulted in restoration of the higher-order structure (Fig. 8) and near restoration of function (Fig. 7) , data suggesting that the secondary structure is of greater importance than the primary sequence within this region.
The effect of separating PK2 and PK3 was examined in greater detail. An insert of a single C between the two pseudoknots (PK2-109) reduced activity to 56.2% (Fig. 7) .
Activity was further reduced to 22.3% when two C's were introduced (PK2-129) and to 18.5% with a four-base insertion (UPD-100). Structural mapping revealed that the insertions between PK2 and PK3 did reduce the stability of PK2, with no effect on PK1 or PK3 (PK2-129; Fig. 8 ). The deleterious effect on UPD function due to separation of PK2 and PK3 correlates with the localized disruption of the higher-order structure.
The effects of mutations within PK3 are illustrated in Fig.  9 . When the top-strand 5'-proximal 4-bp minihelix of PK3 was replaced with the bottom strand (PK3-123), resulting in disruption of at least 2 bp, activity dropped to 11.4%, compared with 3.52% when the entire UPD was deleted (UPD-108). This mutation (PK3-123) caused disruption of the higher-order structure of the four-base mini-helix as well as a reduction in the stability of PK2 and the 5'-proximal pseudoknot of the tRNA-like domain (Fig. 8) . Replacement of the bottom strand with the top strand (PK3-124) reduced activity to 9.8% (Fig. 9) . Again, the stability of PK3 and PK2 was reduced, with no significant changes to the tRNA-like domain (Fig. 8) . The double mutant PK3-130, in which wild-type base pairing for this region is maintained but the 4-bp minihelix has been rotated 1800, did not restore activity (9.38% of wild-type activity; Fig. 9 ), data suggesting that primary sequence within this minihelix is essential for UPD function. This conclusion was confirmed by the structural mapping: the higher-order structure of PK2 and PK3 in PK3-130 was restored (Fig. 8) . Single base mutations within the top strand of the four-base minihelix suggest that the three conserved base pairs are critical for function. A U-A mutation (PK3-131) that created an A. A base pair had only a moderate effect on function (66.6% as active as the wild type; Fig. 9 ). The effect of this mutation on the structure of PK3 was also minimal (Fig. 8) . Single base changes which maintained base pairing (PK3-154 and PK3-152) reduced UPD function to 41.4 and 34.3%, respectively (Fig. 9) . Interestingly, these mutations may have reduced the stability of PK2 and PK3. An AC-GU double mutant (PK3-153) that maintained base pairing was, nevertheless, only 8.74% as active as the wild type (Fig. 9 ), a level of activity close to that observed when the entire UPD was deleted (UPD-108).
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The only mutation possible in the bottom strand of this minihelix that maintained base pairing was an A--G mutation (PK3-158) that had only a minor effect on activity (87.2% of wild-type activity).
Mutation of the bottom strand of the distal 5-bp minihelix (PK3-160) eliminated UPD function completely (2.69% of wild-type activity; Fig. 9 ). The function of the UPD of a second mutant in this same region, PK3-126, although not included in this data set, was affected to the same extent. The higher-order structure of the UPD and the 5'-proximal pseudoknot of the tRNA-like domain of PK3-160 (data not shown) and PK3-126 (Fig. 8) were disrupted in a way that suggested a rearrangement in base pairing. A 180°rotation of this minihelix (PK3-161) that maintained the base pairing within PK3 also eliminated UPD function (4.96% of wildtype activity; Fig. 9 ). Although the pseudoknot structure of PK3 was maintained in PK3-161, PK2 was less stable. Removal of the bulged A (PK3-112) had a small negative effect on function (76.3% of wild-type activity; Fig. 9 ) and little effect on UPD structure. Changing the single basepaired A to a G (PK3-117), which maintains the base pairing with the U, decreased UPD function even further (58.1% of wild-type activity). The 5'-proximal pseudoknot of the tRNA-like domain was disrupted by this mutation. Changing the U to a C (PK3-159), which also maintains base pairing, reduced activity to 40.0% (Fig. 9) . Curiously, in this mutant, no change in the structure, including the tRNA-like domain pseudoknot, was observed. Changing just the U of this base pair to C (PK3-151), which disrupts base pairing, had a small effect on UPD function (79.6% of wild-type activity; Fig. 9 ). A C--U change in the first C. G base pair of this minihelix (PK3-157) reduced UPD function to 56.4% of the wild-type level even though base pairing and the higher-order structure were maintained. Other single base changes in the top strand of this minihelix that maintained base pairing had little effect on UPD function: changing either of the central C's to a U (PK3-155 and PK3-156) resulted in a level of activity similar to the wild-type level (Fig. 9) .
Mutation of the conserved 5'-AAAU-3' to 5'-UUUA-3' within the loop that crosses the minor groove of PK3 (PK3-142) reduced activity to just 20.4% of wild-type activity (Fig. 9) . No significant impact on the higher-order structure of PK3 was observed for PK3-142 even in an exposure longer than that shown in Fig. 8 . A U--G change within this same sequence (PK3-122) resulted in a drop to 64.6% of wild-type activity. Changing the 5'-AAAU-3' to 5'-GGGG-3' (PK3-118) reduced UPD function to the same extent as did PK3-142 (PK3-118 was not included in the data set in Fig. 9 ) but had an impact on PK3 structure that may be due to the disruption of a base pair within the 3' minihelix (Fig. 8) . Changing four of the U's within the loop that crosses the major groove to G's (PK3-145) caused changes in the structure of PK3 and reduced activity to 31.7% of wild-type activity (Fig. 9) . Considering the effects of the PK3 mutations on both function and structure, we conclude that base pairing within either minihelix is not sufficient for function and that the three conserved base pairs within the 5'-proximal minihelix are necessary for UPD function. Primary sequence within the 3'-proximal minihelix, including the A of the conserved A. U base pair and the C of the first C. G base pair within this minihelix, is also important. In addition to primary sequence within the base-paired regions, the conserved 5'-AAAU-3' loop sequence is also required for function.
The cumulative effect of multiple mutations within the single-stranded regions was next examined (Fig. 10) . As demonstrated above, changes within the single-stranded regions of PK3 had a greater impact on UPD function than did changes in the loops of PK2. Individually, most mutations within the PK2 and PK3 loops had, at most, a moderate effect on UPD function (PK3-111, PK3-112, and PK2-114 in Fig. 10 ; PK2-107 in Fig. 7 ). Exceptions to this are the 5'-AAAU-3'--5'-UUUA-3' (PK3-142) and 5'-UUUU-3'--+5'-GGGG-3' (PK3-145) mutants, which, as shown above, reduced UPD function significantly (Fig. 10) . However, as mutations that have little effect individually are combined, their effects on UPD function become increasingly significant (Fig. 10) . A correlation between the accumulation of mutations within the PK2 and PK3 loops and changes in the stability of these pseudoknots was observed. Not only was the structure of PK2 and PK3 increasingly disrupted with the increase in the number of loop mutations, but the 5'-proximal pseudoknot of the tRNA-like domain was disrupted as well (data not shown). These data suggest that the primary sequence of the loops is important mainly for structural reasons (with the exception of the 5'-AAAU-3' sequence of PK3) and probably plays no direct role as a recognition sequence for any UPD-binding proteins.
Proteins specifically bind to TMV UPD and the 5' leader.
The work described above identified PK3 as comprising the regulatory core in the UPD, with perhaps PK2 playing a supporting role. Previous work identified a 35-base region within the 68-base TMV leader (fQ) as the core enhancing element (13) . That fl and the TMV 3' UTR interact synergistically in regulating translational efficiency (Table 1) suggests an interaction between these two regulatory elements. We postulate that these regulatory sequences do not exert their control on translation as naked RNA but rather function as binding sites for cellular proteins that mediate the regulation. As a first step in characterizing Q/UPD-binding proteins, extracts were prepared from both wheat germ and carrot suspension cells and used to generate RNA-protein complexes with fl and UPD RNA that could be detected as electrophoretically retarded complexes. Ideally, the RNA used for protein binding to Ql or the UPD should be a full-length, capped mRNA containing either fl or the UPD. However, the size of such an mRNA prevents the resolution of the complexed and free RNAs. Therefore, short RNAs, an 83-base RNA that contained fl and a 91-base RNA that contained the UPD, were used to obtain the necessary resolution. Moreover, the RNAs used in these studies were uncapped to avoid complications due to binding of eIF-4F to the cap structure. A single shifted complex was observed with labeled, uncapped UPD RNA in extract made from wheat germ (Fig. 11A, lane 2) . The percentage of RNA present in the complex was determined by excising each part of the gel containing the free and shifted bands and then counting in a scintillation counter. Competition with a 1:1.4 molar ratio of cold to hot UPD RNA resulted in a 50% inhibition of complex formation. Cold fl RNA also acted as an efficient competitor against UPD: 50% inhibition was achieved by a 1:0.3 molar ratio of cold fl to hot UPD RNA. To eliminate nonspecific protein binding to the target RNAs, all assays were carried out in an 800-fold excess of total yeast RNA and 5 mg of heparin per ml. UPD complex formation was not affected by competition with a 20-fold molar excess of a random sequence or a 1,000-fold molar excess of poly(C). UPD complex formation was also observed when the binding reaction was performed under conditions approximating those for the RNA structural mapping experiments (i.e., 5 the UPD is present in the same conformation for both types active (11, 14) . Therefore, we also tested complex formation of analyses.
in wheat germ extract by using fl. A shifted complex was Although the UPD is not functionally active in in vitro observed when labeled, uncapped Q RNA was used in the translation lysates made from wheat germ, Ql is functionally wheat germ extract binding assay (Fig. llB, lane 2) . In this 1, 2, 11, 12 , 17, and 18. (A) Cold UPD was added as a competitor in lanes 3 to 6, a 58-base control random sequence (Con) was added in lanes 7 and 8, poly(C) was added in lanes 9 and 10, and fl was added in lanes 13 to 16. (B) Cold fl RNA was added as a competitor in lanes 3 to 6, control random sequence was added in lanes 7 and 8, poly(C) was added in lanes 9 and 10, and UPD RNA was added in lanes 13 to 12A, lanes 2 and 7) . The shifted bands were consistently not as sharp as those observed with wheat germ extract, which may be a result of protease activity. Although the two retarded bands observed with fl and 7 ,ug of carrot protein are also observed with 6 ,ug of wheat germ protein, UPD RNA forms two retarded complexes only with carrot extract. This finding suggests that carrot extract may contain a binding activity that is not present in wheat germ. The difference is probably not due to differences in activity between the two extracts, as 'even highly purified preparations from wheat germ that exhibit a high level of binding activity do not give more than one retarded complex with UPD RNA (39a). A third, more faint complex can be observed migrating below the two main bands. This band, also present in the experiment with wheat germ extract, was not consistently observed.
As with wheat germ extract, cold Ql RNA efficiently competed with both labeled fl and UPD RNA (Fig. 12B) . Although cold UPD competed with labeled UPD, just as observed wheat germ extract, it was a less efficient competitor with labeled fl. Neither poly(C) nor the random control RNA competed with either fl or UPD RNA (Fig. 12C) . A poly(CAA)n RNA reduced complex formation of either ft or UPD by approximately 50%. The poly(CAA)n constitutes part of the core element within fl responsible for the enhancement associated with this leader. The mutual competition between ft and the UPD suggests that both RNAs are specifically recognized by the same protein factor(s) present in both carrot and wheat germ extract. However, as fl is a more efficient competitor than the UPD RNA, the interaction of the binding proteins with fl appears to be tighter than that with the UPD.
DISCUSSION
In this study, we have examined the role of the 3' UTR in regulating translational efficiency. The 72-base UPD, present within the 205-base 3' UTR of TMV, had previously been identified as responsible for increasing the translational efficiency of chimeric reporter mRNAs (8, 12) . We demonstrated here that the TMV 3' UTR functioned in vivo but not in vitro, possibly because in vitro lysates lack an essential component. Alternatively, if the TMV 3' UTR is involved in reinitiation, a low rate of reinitiation in wheat germ lysate may account for the poor activity of the TMV 3' UTR in vitro. A similar difference in regulatory activity for the poly(A) tail has been observed in vivo and in vitro (8) .
Using gel shift analysis, we have demonstrated that fl and the UPD are specifically recognized by protein(s) from wheat germ and carrot extracts. fl and the UPD serve as mutual competitors in the in vitro binding assay, suggesting that they may bind the same protein(s). This conclusion is supported by the fact that poly(C) or RNA of random sequence does not bind the protein(s). The gel shift data are also supported by the synergistic effect that ft and the TMV 3' UTR have on the translation of luc mRNA in vivo. The fact that the combined effect of these two regulatory elements was greater than the multiplication of their individual contributions suggests that fl and the UPD interact in a positive manner to enhance the efficiency of translation. As there is no obvious sequence similarity between fl and the UPD and they differ considerably to the extent in which secondary structure is present, binding of each RNA element may not occur at the same site within a single protein and may involve different subunits of a larger complex. Initial characterization of the protein species by UV cross-MOL. CELL. BIOL. 35 ). That the entire four-base minihelix of PK3 may be rotated 1800 without effect on UPD structure highlights the complicated relationship between primary sequence and pseudoknot formation.
Primary sequence within the 3'-proximal five-base minihelix of PK3 was also essential. Rotation of this region eliminated UPD function (PK3-161). Several mutations to the top strand (PK3-151, PK3-155, and PK3-156) had only a minor effect on regulation. However, mutation of the first C (PK3-157) reduced UPD function more significantly. Moreover, mutation of the conserved A. U base pair to G. C (PK3-159) also reduced UPD function. Removal of the bulged A (PK3-112) had a small effect. Changing the A of the conserved U A base pair to a G (PK3-117), which maintains base pairing, significantly reduced UPD activity. These positions, alone, do not completely account for the complete loss of regulation following rotation of this minihelix; other bases within the bottom strand may also be required. The effect of altering any of the G residues within the bottom strand, however, would be difficult to interpret, as the secondary structure as well as the primary sequence would be affected.
The phylogenetic analysis of the UPD demonstrated that sequences within the single-stranded loops were conserved. This was of particular interest, as sequence changes within a single-stranded region should occur at higher rate than in the base-paired regions in the absence of selective pressure to maintain the sequence. The direct involvement of the loops in UPD function was one possibility. This hypothesis was partially supported in the case of the sequence 5'-AAAU-3' within PK3. The effect of mutations within this sequence (PK3-142 and PK3-122) suggested a role for this loop sequence that, if not as essential as primary sequence within the base-paired regions of PK3, nevertheless made a contribution to UPD function as important as that made by PK2. No change in the higher-order structure was observed for mutations confined solely within this loop. Although conserved sequence is present within the remaining three loops, mutations in these loops were minor when made individually. Only when mutations were made in several loops was a significant impact on UPD function seen. As UPD structure was increasingly compromised, we conclude that the sequence of three of the loops is important but only as far as pseudoknot formation is concerned. In this regard, it is important to note that all mutations made in PK2 and PK3 reduced UPD function to some extent, although many mutations that did not disrupt the higher-order structure had only a small effect. Nevertheless, these results may indicate that most of the primary sequence present in both the single-and double-stranded regions is optimal for UPD structure and function.
To summarize the mutational analysis of the UPD, Fig. 13 illustrates the sequence identified as important for UPD function. We conclude that the higher-order structure of the two pseudoknots is required. Virtually no primary sequence within PK2 was required for UPD function; however, disruption of the higher-order structure did affect UPD activity. This may be interpreted in two ways: the higher-order structure of PK2 plays a direct role in the mechanism by which the UPD functions, or it simply serves to maintain the stability of PK3. Either the disruption of PK2 or the separation of PK2 and PK3 would result in the loss of the coaxial stacking between the two pseudoknots and therefore reduce the stability of PK3. Disruption of the coaxial stacking on both sides of PK3 (UPD-111; Fig. 6 Fig. 13 ) is clustered within the 5' minihelix of PK3. In addition, the primary sequence of the bottom strand of the 3' minihelix of PK3 may be important: UPD function was lost when the 3' minihelix was rotated, but most mutations within the top strand had little effect on function. Because of the difficulty in making mutations in the bottom strand that would alter the primary sequence without disrupting the base pairing, the possibility remains that the primary sequence in the bottom strand is required for UPD function. Other positions in which the primary sequence has a moderate impact on UPD function (lowercase letters in Fig. 13 ) are grouped about the essential core region. Decisions on which bases should be included in this second group of less important primary sequence are complicated by their moderate impact. Although the primary sequence of other positions within both PK2 and PK3 had a minor effect on both UPD function and structure (e.g., PK2-121 and PK3-112), it is not clear to what extent minor changes in the stability of the UPD are responsible for the minor changes in UPD function.
Interestingly, the sequence identified by this analysis is found in pseudoknots in the 3' UTRs of a diverse group of viral RNAs. In addition to the six tobamoviruses, most or all of these sequences are found in pseudoknots in a satellite virus, a hordeivirus (barley stripe mosaic virus [17] [18] [19] ), and tobraviruses (tobacco rattle virus [1, 6] ) as well as being present in as many as three copies in odontoglossum ringspot viral RNA (6a). These pseudoknots have evolved and have been maintained in viral evolution as an alternative to poly(A)-dependent translation. The elucidation of the mechanism underlying UPD function and the proteins that mediate the regulation will provide an opportunity to explore the versatility of the eukaryotic translational machinery.
